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摘要 
红树林是生长在热带、亚热带河口海湾地区的木本植物群落，具有极高的生
态价值和经济价值，但红树林湿地由于其独特的生境特征及强烈的人为干扰，面
临着日益严重的重金属污染问题。其中，砷（As）由于具有强烈的致癌作用且影
响植物正常新陈代谢，成为近几年红树林污染生态学研究的重要内容。目前，红
树林 As 污染的研究主要集中于 As 在红树林湿地系统中的空间分布、生态风险
评估以及 As 在沉积物中的赋存状态三个方面，有关 As 胁迫下红树植物的响应
机制及红树植物生长对沉积环境中 As 迁移转化的影响鲜有报道。本研究以我国
常见先锋红树植物白骨壤为试材，以砷为研究对象，通过营养液栽培、根系模拟
栽培和吸附试验相结合的方法，开展红树植物根际对砷污染的响应及砷在红树根
-土系统中迁移规律的研究，本研究主要结论如下： 
1.沙培实验研究表明：As 和硫（S）的施加对白骨壤幼苗根系泌氧（ROL，
radial oxygen loss）、根表铁膜以及铁膜中 As 含量具显著影响。As 的添加抑制
了白骨壤 ROL、铁膜的形成，随着 As 浓度的增加，白骨壤幼苗 ROL 和铁膜中
铁（Fe）含量逐渐降低并与对照组具有显著差异；随着 S 浓度的增加白骨壤 ROL
和铁膜 Fe含量逐渐增加，铁膜中 As 含量降低。说明 S 通过促进白骨壤 ROL和
铁膜的形成，抑制 As 进入白骨壤体内。白骨壤 ROL与铁膜含量呈显著正相关关
系（r=0.532，n=45，p<0.001）。 
2. As、S 交互作用下白骨壤根系分泌物低分子量有机酸（LMWOAs）主要以
草酸、苹果酸和柠檬酸为主，其中草酸含量最高，占总有机酸含量的 73.35-74.36%。
白骨壤 LMWOAs 随着 As 处理浓度的增加先增加后降低，而随着 S 浓度的增加
而增加。草酸、苹果酸和柠檬酸含量在 As、S 作用下变化不同：随着 As 浓度的
增加柠檬酸含量逐渐降低，草酸和苹果酸含量先增加后降低；柠檬酸含量随着 S
浓度的增加先增加后降低，而草酸和苹果酸随之增加。 
3. As、S 交互作用对白骨壤幼苗根和叶中 As 和 S 含量具有显著影响。随着
S 处理浓度的增加，白骨壤根和叶中 As 含量逐渐降低并与对照组具有显著差异
（p<0.05），说明 S 的添加抑制了白骨壤对 As 的吸收，当 S 的处理浓度为 20 
µmol.L-1时，白骨壤根和叶中 As 含量比对照组降低了 47.96%和 30.9%。随着 As
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浓度的增加白骨壤根、茎、叶中 As 含量逐渐增加，并与对照组具有显著差异
（p<0.05），而根和叶中 S 含量随着 As 浓度先增加后降低。 
4．不同 As 处理条件下的根际模拟试验表明：As 在白骨壤不同器官中的累
积分配规律为：根>叶>茎；不同 As 处理条件下，白骨壤根、茎、叶中 As 的含
量存在显著差异，均随着沉积物中 As 含量的增加而增加；根、茎、叶中 As 的累
积量呈显著正相关关系（r 根-茎=0.961；r 根-叶=0.888；r 茎-叶=0.924；n=18）。根、茎、
叶对 As 的富集系数（BCF）分别为：4.09-9.42、0.06-0.12、0.26-0.77；随着沉积
物中 As 含量的增加均呈现出先增加后降低的变化趋势。白骨壤根表铁膜中 Fe、
As 含量随着沉积物中 As 处理浓度的增加而增加；铁膜中 Fe、As 含量呈显著正
相关关系（r=0.788，n=18，p<0.001）。根、茎、叶中 As 含量亦与铁膜中 Fe、As
含量呈显著正相关，说明不同 As 浓度处理下，根表铁膜中 Fe、As 含量的变化
是导致白骨壤 As 累积量的重要因素。 
5．白骨壤根际、非根际沉积物对比研究表明：根际沉积物 pH低于非根际，
且具有显著差异（t=3.185，df=17，p<0.05）；白骨壤根系活动促进了沉积物中 As
和 Fe向根际转移，导致根际沉积物中 Fe、As 含量均显著高于非根际，根际沉积
物中总 Fe 含量为 3.18-3.73 g.kg-1、非根际为 2.80-3.08 g.kg-1。非根际沉积物中，
无定形铁和无定形态二价铁含量均高于根际，并随着 As 处理浓度的增加而增加，
根际沉积物中无定型铁与根表铁膜中 Fe呈正相关关系。 
6．模拟白骨壤根系分泌物 LMWOAs 对沉积物中 As 生物有效性的影响结果
表明：有机酸的添加促进了沉积物中 As 的生物有效性，并随着有机酸浓度的增
加促进效果越明显。添加有机酸后沉积物溶液中 As 含量随着时间增加逐渐降低
并趋于稳定。沉积物溶液 pH随着有机酸的添加而降低，有机酸浓度越高，沉积
物 pH越低，并随着时间逐渐升高。 
关键词：白骨壤；砷；根系泌氧；铁膜；低分子量有机酸 
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Abstract 
Mangroves, the intertidal wetlands confined to tropical and subtropical coastlines, 
are possess quite a lot of ecological functions. However, the heavy metal pollution in 
mangrove ecosystem is becoming more and more serious, due to its unique habitat 
characteristics and strong human disturbance. In which arsenic is a strong carcinogen 
and a non-essential nutrient element. Excessive arsenic can cause serious effects on the 
metabolism of plants. In recent years, arsenic has become an important part of the study 
of mangrove pollution ecology. Existing studies on arsenic pollution focused on the 
spatial distribution and ecological risk assessment in mangrove ecosystem, and arsenic 
species in sediment. However, the response and detoxification mechanism of mangrove 
to arsenic stress and the effect of mangrove on arsenic transformation is little reported. 
So we choose Avicennia marina as materials of this study. The aims of this study were 
to investigate the response of Avicennia marina under arsenic and the effect of 
Avicennia marina and low molecular weight organic acids on arsenic transformation 
and bioavailability in sediment through sand culture, soil culture and batch experiment. 
The main conclusions of this study are as follows: 
1. Sand culture experiment showd that arsenic and sulfur have a significant effect 
on the radial oxygen loss (ROL), iron plaque and iron plaque-As of Avicennia marina 
seedling. ROL and iron plaque of Avicennia marina is inhibited by the addition of 
arsenic. The content of ROL and iron plaque decreased significantly with increasing 
rate of As supply. But the content of ROL and iron plaque increased significantly with 
increasing rate of S supply. The addition of sulfur can inhibit the absorption of arsenic 
by Avicennia marina through increasing the content of ROL and iron plaque. ROL and 
iron plaque of Avicennia marina was positively correlated (r=0.532, n=45, p<0.001). 
2. The main components of low molecular weight organic acids in Avicennia 
marina root exudates are oxalic acid, malic acid and citric acid. The content of oxalic 
acid is highest and accounts for 73.35-74.36% the total organic acids. The content of 
organic acid increased first and then decrease with increasing rate of As supply, but 
increased with the increasing of S supply. The effect of As and S on the content of 
oxalic acid, malic acid and citric acid is different. The content of oxalic acid and malic 
acid increased first and then decreased with As concentration increased, but citric acid 
content decreased gradually. The content of citric acid increased first and then 
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decreased with S concentration increased, but oxalic acid and malic acid content 
increased gradually. 
3. The interaction of S and As had significant effects on the contents of As and S 
in the root and leaves of Avicennia marina. Sulfur supply decreased the As in root and 
leave of Avicennia marina significant (p<0.05). It shows that sulfur addition suppressed 
the absorption of arsenic in Avicennia marina. When the S concentration 20 µmol.L-1, 
the content of As in roots and leaves decreased 47.96% and 30.9% compare to the 
control. As supply significantly increased the As in roots and leaves, but S 
concentration in roots and leaves decreased with excessive As supply.  
4. Different arsenic treatment of the rhizosphere simulation experiment showed 
that the cumulative distribution of As in Avicennia marina seedling is: root>leaf>stem. 
The content of As in root, stem and leaf of Avicennia marina was increased with the As 
supply, and had significant differences. The accumulation of As in root, stem and leaf 
showd significant positive correlation (rroot/stem=0.961; rroot/leaf =0.888; rstem/leaf =0.924; 
n=18). The bioconcentration factors (BCF) of the root, stem and leaf of As as follows: 
4.09-9.42, 0.06-0.12, 0.26-0.77; BCF increased first and then decreased with the As 
supply. The content of iron plaque and iron plaque-As in Avicennia marina roots 
increased with the increased As concentration in sediment. Iron plaque and iron plaque-
As had significantly positively correlated (r=0.788, n=18, p<0.001). The concentration 
in root, stem and leaf was also had significantly positively correlated with iron plaque 
and iron plaque-As.  
5. The comparison of Sediment rhizosphere and non-rhizosphere showed that: the 
pH of rhizosphere was below than non-rhizosphere and had significant difference   
(t= 3.185, df=17, p<0.05); The activities of Avicennia marina promote the As and iron 
transfer from non-rhizosphere to rhizosphere, resulting in the concentration of Fe and 
As were significantly higher than those in non-rhizosphere. the total iron content in the 
rhizosphere was 3.18-3.73 g.kg-1, and 2.80-3.08 g.kg-1 in non-rhizosphere. In non-
rhizosphere, amorphous iron and amorphous iron were higher than those in the 
rhizosphere. There was a positive correlation between the amorphous iron and the root 
surface iron plaque.  
6. Effect of low molecular weight organic acids of Avicennia marina on the 
bioavailability of arsenic in sediments. The results show that he bioavailability of 
arsenic was promoted with the addition of organic acids, the content of As in the 
sediment solution decreased and stabilized with time after the addition of organic acid. 
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The pH was decreased with the organic acid addition, the higher the concentration of 
organic acids, the lower the pH of the sediments. 
Key words: Avicennia marina; Arsenic; Radial oxygen loss; Iron plaque; Low 
molecular weight organic acids.
厦
门
大
学
博
硕
士
论
文
摘
要
库
第一章 前言 
1 
第一章 前言 
1.1 砷的概述 
1.1.1 砷及其赋存形态 
砷（Arsenic，As）是一种有毒的且广泛存在于自然环境中的类金属元素，与
磷元素同族，位于元素周期表 VA 族。世界自然土壤中 As 的平均浓度为 1.5-3.0 
mg.kg-1[1]，而在我国自然土中可达到 9.2 mg.kg-1[2] 。自从被发现，As 便被广泛
应用于农药、饲料、医疗卫生、防腐等 50多个行业。 
自然界中As以多种形态存在（图 1.1），其中，无机As主要有三价（As（III））、
五价（As（V））等形态；有机 As 主要有一甲基砷（MMA）、二甲基砷（DMA）、
砷甜菜碱（AsB）、砷胆碱（AsC）等形态。自然界中常见的有机、无机 As 化合
物有砷酸盐、亚砷酸盐、硫盐矿物等[3, 4]。 
 
 
图 1.1 自然界中常见的 As 形态[5] 
Fig. 1.1 Structures of common arsenic species[5] 
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As 的赋存形态与环境因子的变化密切相关，在土壤中 As 主要以无机形态存
在，且不同形态的 As 之间可以互相转化，在厌氧的水稻土中 As 主要以三价为
主，当厌氧的水稻土转化为有氧状态时，As（III）也会被氧化成 As（V）[6]，而
微生物的参与则可将土壤中的无机 As 化合物转化为有机 As 化合物[7]。As 的毒
性与其赋存形态有关，其毒性由强到弱顺序为：砷化氢、As（III）、As（V）、一
甲基砷酸（MMA）、二甲基砷酸（DMA）、砷胆碱（AsC）、砷甜菜碱（AsB）[4]。 
1.1.2 砷污染现状及危害 
1.1.2.1 砷污染现状 
近年来，随着工业、农业的快速发展，越来越多的 As 被排放到环境中，对
土壤和水体造成污染[1]。全球每年输入到土壤中的 As 总量约为 9.4×107 kg，其中
来自消费品、煤炭、大气沉降、尾砂、冶炼、工业及其他所占的比重分别为 41%、
23%、14%、10%、7%、3%和 2% [8]。鉴于 As污染的严重危害性及其难治理性，
As 污染已成为全球性难题，目前至少 22个国家和地区以及超过五千多万人口受
As 污染威胁，As 污染现象在亚洲尤为突出，尤其是孟加拉、印度和中国，在美
国、墨西哥等地也存在不同程度的 As 污染（如表 1.1所示）[9, 10]。在孟加拉超过
三千五百万的人饮用As污染水体，对水体进行检测发现水体中As含量高达 1000 
µg.L-1 [11]，远远高于世界卫生组织规定的 10 µg.L-1。 
我国土壤 As 污染情况尤为突出，2014年发布的《全国土壤污染状况调查公
报》中显示我国土壤 As 的点位超标率达到 2.7%；As 成为耕地、林地、草地的
主要重金属污染物。我国土壤 As 污染呈现污染面积大、涉及人口多、污染严重
等特点。As 超标区域既包括干旱-半干旱的内陆地区（银川、河套盆地、内蒙古、
大同盆地等），也包括河口三角洲地区（长江三角洲、珠江三角洲等）；受 As 危
害区域人口高达 2000 万。如在内蒙古饮水中 As 超标区域高达 3000 km2，超过
100 万人潜在的受到 As 污染的影响，40 万人直接饮用 As 污染水，其中已经确
诊 3000 多人地方性 As 中毒[12, 13]。在我国中南和西南地区，As 矿的开采冶炼造
成附近土壤、水体的大量污染，同时 As 通过水体的迁移污染大面积的水稻田。
在湖南常宁县 As 污染水稻田中 As 含量高达 92-840 mg.kg-1，在湖北有 8000 多
公顷水稻田受 As 污染[14]。 
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